Parois, P, Moggach, SA, Lennie, AR, Warren, JE, Brechin, EK, Murrie, M & Parsons, S 2010, 'The effect of pressure on the crystal structure of [Gd(PhCOO)(3)(DMF)](n) to 3.7 GPa and the transition to a second phase at 5.0 GPa', Dalton Transactions, vol. 39, no. 30, . https://doi.We thank the EPSRC for funding and the STFC for provision of synchrotron beam time.
Introduction
While high-pressure crystal structures of molecular compounds are not exactly common, there has been a distinct increase in the number of systems studied over the past 10 years. A search of the Cambridge Database 1, 2 for entries containing the field pressure identified 135 individual compounds for which structural data are available above 0.1 GPa (1 kbar), ‡ 98 of which have been published since 2000. The majority of these compounds are organic, and only 14 contain a metal. With two exceptions (benzene and carbon dioxide) all data lie in the pressure range 0 -10 GPa.
Broadly speaking, high-pressure single-crystal diffraction studies on metal complexes have been performed either to explore the compressibility of inter-and intra-molecular interactions or to explain the alterations of physical (especially magnetic) properties that occur at high pressure. 3 In the former category, the systems cis-[PdCl 2 ([9] aneS 3 ] (CSD refcode GATLES) 4 guanidine and GuH = guanidinium cation), 5 have been shown to undergo phase transitions at 4.6 GPa, in the case of the Pd complex, and at 2.9 and 4.2 GPa for the Cu complex, in which long intermolecular contacts involving the metal atoms have been transformed into primary coordination bonds. Compression of intermolecular interactions such as H-bonds and van der Waals contacts were explored in [Ru 3 (CO) 12 ]
(FOKNEY) to 8 GPa, 6 [Co 2 (CO) 6 (PPh 3 )] (CEDBUJ) to 4.6 GPa 7, 8 and [4-chloropyridinium] [CoX 4 ] (X= Cl, Br) (SAZZID) to 4 GPa. 9 By-and-large, work on organic compounds has aimed to produce new high-pressure phases by rearrangement of intermolecular interactions. Although intramolecular conformational changes have also been observed in some of these studies, bond angles and distances are not greatly affected. For example, in serine hydrate some CC and CO bonds shortened by around 0.01 Å between ambient pressure and 3.8 GPa. 10 The same is not true in coordination compounds, where metal geometry is more flexible: changes in bond distances can be an order of magnitude greater than those seen in serine hydrate. In the work described above on cis-[PdCl 2 ([9] aneS 3 ], for example, a Pd…S distance changed by 0.31 Å between ambient pressure and 4.25 GPa. 4 The ability to affect intramolecular interactions has prompted a number of groups to explore the ability of pressure to tune physical properties governed by metal-metal or metal-ligand distances or the geometry around bridging groups. In the field of magnetism this work has shown that pressure is a very powerful means for studying magneto-structural correlations. For example, in [NMe 4 ][MnCl 3 ] (TMAMMN) parallel structural and magnetic measurements revealed an approximate r -10 dependence of the coupling constant with Mn…Mn distance (r) pointing to the importance of direct exchange coupling between the metals. 11 Single-molecule magnets (SMMs) have also been studied in this context, [12] [13] [14] [15] and, outside of proteins, these are the most complex systems to have been investigated using high-pressure crystallography. Magnetic coupling in SMMs is mediated via super-exchange and therefore depends on the geometry of bridging ligands.
The torsional flexibility of bridging (derivatised) salicylaldoxime (R-saoH 2 ) ligands in [Mn 6 O 2 (Etsao) 6 (O 2 CPh(Me) 2 ) 2 (EtOH) 6 ] has enabled pressure to be used to reduce the magnitude of Mn-O-N-Mn torsion angles. 13, 14 This changes the interaction between pairs of Mn atoms from ferromagnetic to antiferromagnetic, leading to a reduction in the spin ground state for the complex and a lowering of the energy barrier for the reorientation of its magnetic moment. In the Mn 12 -acetate family of SMMs the existence of fast-and slowrelaxing species has been ascribed to the presence of Jahn-Teller isomers which differ in the orientation of the High pressure has also been used to study spin-crossover complexes of Fe(II). Ambient pressure and temperature usually favour the high-spin state; this has a higher volume than the low-spin state owing to occupation of antibonding e g orbitals, and as pressure increases the need to minimise the pV contribution to free energy favours the lower volume low-spin state. Pressure-induced high-to-low spin transitions have been observed by single crystal diffraction in [Fe(phen) 2 (NCS) 2 ] (KEKVIF) and [Fe(Btz) 2 (NCS) 2 ] (PASGOF), where phen = 1,10-phenanthroline and Btz = 2,2'-bi-4,5-dihydrothiazine, at 1 and 0.5 GPa, respectively. 16 Other transitions have been followed by changes in cell dimensions tracked using powder diffraction. 17 The ability to compress intra-and inter-molecular interactions has also excited interest in the field of metalorganic framework materials, where pressure has the potential to control uptake of different guests. This has recently been described in a study in which the unit cell volume of the zeolitic imidazole framework ZIF-8 was shown to increase under pressure as solvent molecules were forced into the pores, leading eventually to a new phase with enlarged channels at 1.47 GPa. 18 High pressure is a valuable tool for controlling the properties of metal complexes, and when combined with crystallography the structural cause for the changes in properties is revealed. In all of the work described above the compounds studied were transition metal complexes, and no work has been reported on characterising the effect of pressure on the crystal structures of f-block complexes.
Our interest in lanthanide coordination chemistry stems from the potential of lanthanide ions as components of molecular magnetic materials. However, f-electrons interact weakly with surrounding ligands, so that exchange coupling between metal centres is weak. Compressing metal-ligand and metal-metal distances with pressure is a potential strategy for increasing magnetic exchange and in this paper we describe a high-pressure study on the one-dimensional coordination polymer [Gd(PhCOO) 3 (DMF)] n (1)
The crystal structure of 1 was first investigated by Lam et al., 19 and is available on the Cambridge Database as refcode LUSCOR. One motive for selecting 1 was that it crystallises in a high symmetry space group (P4 2 /n).
High-pressure single-crystal diffraction data sets are almost always incomplete because the pressure cell restricts the volume of the diffraction pattern that can be collected. This problem, which leads to a low datato-parameter ratio during structure refinement, means that interatomic distances in high-pressure structures are less precise than in structures measured at ambient pressure. However, the problem is minimised if the diffraction pattern has high symmetry, and since we aim to measure Gd-O distances with a high enough precision for trends to be detected, high symmetry is a significant advantage.
A second feature of 1 which attracted our attention is that it is a one-dimensional polymer formed along a unit cell axis in a high-symmetry crystal system. In this case the polymer is formed along the c-direction of a tetragonal unit cell. These factors mean that, to a first order of approximation, the intramolecular interactions are directed along one direction (c), with the weaker van der Waals interactions forming in the other directions (a and b). The tetragonal symmetry of the structure means that the principal axes of strain lie along the unit cell axes, so that simple comparison of the changes in the a and c unit cell lengths is a measure of the relative compressibility of the intra-and inter-molecular bonds. In addition, the Gd…Gd vectors lie along one of the principal strain directions.
The present study therefore enables us to address two questions: (i) to what extent can intramolecular lanthanide-ligand and lanthanide-lanthanide distances be changed with pressure? and (ii) how compressible are intramolecular bonds in lanthanide complexes relative to intermolecular contacts between organic ligands?
Experimental
Synthesis and crystal growth of 1 19 Benzoic acid (6 mmol) and NaOH (6 mmol) in methanol (15 mL) were stirred at room temperature for 30 min and a solution of Gd(NO 3 ) 3 .6H 2 O (2 mmol) in methanol (5 mL) was added. After 4 hours stirring at ambient temperature, the white precipitate was filtered and washed with methanol. The product was dissolved in hot dimethylformamide (DMF); colourless single crystals of [Gd(PhCOO) 3 (DMF)] n (1) were obtained after 3 days.
High Pressure Crystallography: General Procedures
High-pressure experiments were carried out with a modified Merrill-Bassett diamond anvil cell (DAC) equipped with 600 μm culet diamonds and a tungsten gasket. 20, 21 The sample and a chip of ruby (as a pressure calibrant) were loaded into the DAC with a 4:1 mixture of methanol and ethanol as a hydrostatic medium. The ruby fluorescence method was utilised to measure the pressure. 22 
Data Collection, Reduction and Refinement
A sphere of data was collected on a crystal of 1 at ambient temperature and pressure in order to provide data for comparison with the high-pressure studies, which were also performed at ambient temperature (see below). Diffraction data were collected on a single crystal on a Bruker SMART APEX diffractometer with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). These data were integrated using the program SAINT, 23 and the absorption correction was carried out using the program SADABS. 24 Refinement was carried out against |F| 2 using all data (CRYSTALS) 25 starting from the ambient temperature coordinates of ref. 19 . We show below that 1 undergoes a phase transition at high pressure, and the usual origin choice of the space group of the low-pressure phase was moved from the centre of inversion to the High-pressure diffraction data were collected with synchrotron radiation on a Bruker APEX II diffractometer at the STFC Daresbury Laboratory on Station 9.8 ( = 0.4865 Å). Data were collected in -scans in eight settings of 2 and  with a frame and step size of one second and 0.3°, respectively. This data collection strategy was based on that described in ref. 26 . The data were integrated using the program SAINT using 'dynamic masks' to avoid integration of regions of the detector shaded by the body of the pressure cell. 26 Absorption corrections for the DAC and sample were carried out with the program SADABS. Data were collected at 0.10, 0.55, 1.18, 1.67, 2.65, 3.20, 3.73, 5.01 and 6.10 GPa.
Refinements starting from the published coordinates were carried out against |F| 2 using all data (CRYSTALS). 25 The structure at 5.0 GPa was solved using direct methods (SIR92). 27 All 1,2 and 1,3 distances of the dimethylformamide and benzoate ligands were restrained to the values observed from our ambient pressure structure. All torsion angles and metal to ligand distances were refined freely. Hydrogen atoms attached to carbon were placed geometrically and not refined.
All C, N and O atoms were refined with isotropic thermal parameters to 5.0 GPa, while the Gd atoms were refined anisotropically. Above 5.0 GPa, the data quality deteriorated and no acceptable refinement could be obtained for the final 6.1 GPa data set. The cell dimensions at 6.1 GPa were a = 19.4090(4), c = 9.3837(3) Å,
The deterioration of the data quality was the result of increasing mosaic spread with increasing pressure, a frequently encountered problem with crystallographic pressure studies on molecular materials. Listings of crystal and refinement data for the structures of 1 at ambient temperature and pressure are given in Table 1 , data for other pressures are available in the supplementary material. Table 1 . Crystal and refinement data for the structures of 1 at ambient pressure, 3.7 GPa and 5.0 GPa.
Software for Structure Analysis
Crystal structures were visualized using the programs DIAMOND, 28 XP 29 and MERCURY. 30 A movie, available in the supplementary material, showing the path of compression was produced using CrystalMaker. 31 Geometric calculations were carried out using PLATON, 32 as incorporated in the WIN-GX suite. 33 Searches of the Cambridge Database 1 were performed with the program CONQUEST and version 5.31
of the database with updates up to November 2009. 2 The bulk modulus of 1 was calculated using EOSFIT. [34] [35] [36] 
Results and Discussion
The structure of [Gd(PhCOO) 3 The longer Gd…Gd distance is spanned by a number of inter-ligand CH… interactions (Fig 1ii) , notably to the phenyl ring based on C16-C21, which forms a CH… interaction on one face to H61 and on the other to H141. The dihedral angles between the phenyl rings involved in these interactions are 80.96 (19) The shortest atom-atom distances between the polymer chains also take the form of CH… interactions involving H-atoms derived from phenyl and methyl groups (shown in Fig. 2i as blue and cyan dashed lines).
The normalised H…centroid distances in these interactions span the range 3.19 -3.28 Å; the angle between the phenyl groups involved in the blue CH… contacts in the middle of the cell in Fig. 2i is 87°. These interactions are relatively long, 37 and the principal interaction is best considered as dispersion along the lengths of the polymer chains rather than in terms of specific atom-atom contacts. On increasing pressure, the structure of 1 was found to be stable to 3.7 GPa. Above this pressure, the compound undergoes a single-crystal to single-crystal phase transition to a previously unknown high-pressure phase which we have designated 1-II, referring to the previous phase as 1-I.
The compressibility of 1-I
On increasing pressure to 3.7 GPa, the greatest compression in the structure occurs within the ab-face, with a 7.7% decrease in the length of the a and b-unit cell dimensions, while the c-axis reduces by only 2.9%. As a result of the tetragonal symmetry the principal axes of the strain tensor lie in the same directions.
Evolution of the cell parameters of 1-I as a function of pressure are shown in Fig. 3 . The bulk modulus, K 0, fitted to a Vinet equation of state 38, 39 is 8.3(9) GPa and its pressure derivative (K') is 9.3 (13) . These data fall between those for Ru 3 (CO) 12 (K 0 = 6.6 GPa) and L-alanine [K 0 = 13.6(7) GPa, K' = 6.7(4)]. 40 The higher the bulk modulus the more resistant a solid is towards compression, and 1 is a relatively soft material. That the value should lie between those for a van der Waals solid such as Ru 3 (CO) 12 6 and a hydrogen bonded solid such as alanine seems intuitively reasonable. A more substantial decrease in the length of the a and b-unit cell dimensions over c is also unsurprising, as this results in a compression between the polymer chains, while any decrease in the length of the c-axis would result in a shortening of the chain along its backbone. 
Effect of pressure on the structure of 1-I up to 3.7 GPa
Changes that occur to the structure between ambient pressure and 3.7 GPa can be conveniently visualised in the form of a movie shot along the c-direction of the unit cell. This is available in the supplementary information as file gd_polymer_along_c.mov (Quicktime format).
During refinement of the high-pressure structures all 1,2 and 1,3 distances on the benzoate and DMF ligands were restrained to their ambient pressure values. Torsion angles, which are more susceptible to pressure, were allowed to refine freely. Restraints were not applied to metal-ligand bond lengths as these can vary significantly with pressure.
Between ambient pressure and 3. Table 2 ). This bond, which is the longest Gd-O bond in the ambient pressure structure, is formed to the doubly bridging oxygen atom of the Table 2 . Gd-O bond distances (Å) in 1 as a function of pressure (in GPa). In phase I the symmetry operators corresponding to labels A and B are inversions -x+3/2,-y+3/2,-z-1/2 and -x+3/2,-y+3/2,-z+1/2, respectively. In phase II the label A refers to the translation operator x, y, z+1. Angles are given in Table S1 in the supplementary material.
A search of the CSD database using a Gd(III) ion coordinated by eight O-atoms gives 95 hits excluding powder diffraction data, disordered structures and all structures with errors or an R-factor > 7.5%. The frequency of Gd-O bonds as a function of distance drops off drastically below 2.26 Å; refcode FITJAU gives the smallest Gd-O distance, with 2.219(7) Å. 41 The minimum Gd-O distance in our complex at ambient pressure is Gd1-O6B [2.290(2) Å], which reduces to 2.259(3) Å at 3.7 GPa and remains the shortest Gd-O bond. These values therefore place Gd1-O6B towards the lower end of Gd(III)-O interactions seen at ambient pressure, but not outside it: there are no Gd-O bonds that would be considered abnormally short were they to be observed at ambient pressure.
Changes in bond angles are also significant ( Table S1 in the supplementary material). The largest bond angle changes occur for Gd1-O5-C15 and Gd1-O6B-C15B, which decrease by 8.0(4) and 7.7(4)°, respectively.
Other Gd-O-C angles vary by between 2.4 and 4.2°. The most prominent angular changes occur across the longer Gd…Gd distance; this correlates with the observation that between ambient pressure and 3.7 GPa the longer Gd....Gd distance contracts more than the shorter: 0.1851(4) versus 0.0467(4) Å, respectively. Fig. 1iii is an overlay of the polymer structures at ambient pressure (blue) and 3.7 GPa (red) in which the coordination environments of one of the Gd atoms have been fitted. It is immediately apparent that the largest geometric changes occur for torsion angles. This is also true in organic structures, but here the magnitudes of the changes which occur are, by comparison, quite substantial given that at 3.7 GPa the structure is still in a compressed form of its ambient-pressure phase. The largest changes in torsion angles about the metal atoms appear to be associated with the largest changes in distances and angles described above. The Gd1-O1 contraction is accompanied by a twisting of the carboxylate group, with the Gd1-O1-C1-O2 torsion angle increasing from -137.1(4) to -152.4(5)°. The contraction of the longer Gd…Gd distance is accompanied by a change in the Gd1-O5-C15-O6 torsion angle through the carboxylate group from 35.3(5) to 40.1(6)The largest torsion angle change amongst the phenyl rings occurs for the ligand based on O1, where (O2-C1-C2-C3) increases from 23.9(4)° to 36.2(6)°.
The phenyl CH… contacts formed along the polymer (Fig. 1ii ) from H141 and H61 shorten to 2.40 and 2.63 Å; the aliphatic CH… interaction from H241 shortens to 2.76 Å. The normalised CH… intermolecular distances described above decrease to a range of 2.76 to 2.90 Å (Fig. 2ii) . In addition, a number of short H…H contacts develop (1.84 to 2.05 Å, shown in black in Fig. 2ii ). The shortest contact is formed between H31 and H61. A survey of H…H contacts in high-pressure (< 10 GPa) crystal structures by Wood et. al. found that normalised H···H distances do not compress below 1.7 Å and that the frequency of H···H contacts as a function of distance drops off drastically between 1.9 Å and 1.7 Å. 42 It is notable that the short contact between H31 and H61 increases as a result of the phase transition above 3.7 GPa, and it is possible that the transition is driven in part by relief of this interaction.
The structure of 1-II at 5.0 GPa Between 3.7 and 5.0 GPa the crystal undergoes a single-crystal to single-crystal phase transition from P4 2 /n to _ 4 P , forming 1-II. The symmetry change involves loss of inversion (along with glide and screw-axis) symmetry, but since the cell contents do not change, the size of the asymmetric unit doubles. The cell parameter a decreases from 20.7490(3) Å to 20.0734(2) Å and the cell volume from 3831.12(12) Å³ to 3682.28 (7) Å³. However, the c-axis increases from 8.8988(2) Å to 9.1385(1) Å. The increase in the c-axis and the packing modification allows a better interpenetration of the chains and thus allows a higher packing density (Fig. 2ii) .
The overall structure of the polymer chain is unchanged through the transition and ligands retain their coordination motifs ( Fig. 4i ) with CH… interactions formed along the polymer chain (Fig. 4ii ). An overlay of the polymer chains in phases I and II is shown in Fig. 4iii .
Bond distances and angles in phases I and II are correlated in Table 2 (Table S1 ). The largest increase [14.1(2)°] occurs as the O2A-Gd1-O3 transforms into O3-Gd2-O20 in phase-II. The largest decrease [-11.4 (2)°] occurs for O2A-Gd1-O7  O2-Gd1-O70.
The shorter Gd…Gd distance shortens slightly [0.0113(5) Å] between 3.7 and 5.0 GPa, while the longer increases substantially [0.2483(5) Å], reflecting the increase in the length of the c-axis. The longer Gd…Gd distances is, in fact, longer than it was at ambient pressure. Fig. 4iii shows that conformational changes occur both at the metals and in the orientations of the phenyl rings. Loss of inversion symmetry means that torsion angles that were equal in magnitude but opposite in sign now have unrelated values. With respect to the phenyl ring orientations, the largest difference occurs for O2A-C1A-C2A-C3A, which changes from -36.2(6) to 14.4(12) °. This conformational change breaks the CH methyl … contacts that were formed along the polymer chain in phase-I (cf Figs. 1ii and 4ii ). The CH phenyl … contacts now span the range 2.32-2.57 Å. The changes in the phenyl ring orientations also affect the intermolecular packing, and an edge-to-edge interaction involving a pair of symmetry-related phenyl rings based on C102 is converted into an offset π-π stacking interaction (the new interaction is shown as a red dotted line in Fig. 2iii ). This rearrangement relieves the short H…H contact shown in Fig 2ii. The new stacking interaction is characterised by a centroid-centroid distance of 3.779(4) Å and an interplanar angle of 5°. The perpendicular distance between one centroid and its projection on the opposite ring is 3.105(3) Å and the offset between the two centroids when projected onto the same plane is 2.154(5) Å. Perpendicular stacking and off-set distances in other … interactions identified in a search of the CSD are depicted in Fig. 5 . The search criteria used are described in the figure caption. The point corresponding to the offset and stacking distances in 1-II is also indicated on Fig. 5 , and it is clear that this combination is rather uncommon. It is presumably stabilised by the high pressure.
Other contacts take the form of CH… contacts which follow much the same pattern as in phase-I. Though plotted are the perpendicular distance between one centroid and its projection on the opposite ring, and the offset between the two centroids when projected onto the same plane. The cross-hairs mark the position of the stacked interaction established in phase-II after the phase transition. The following parameters defined the search: the angle between the two planes formed by the phenyl groups lies between 0° and 10°; the distance 
2.154
between the centroid of a phenyl group to the plane defined by the second phenyl group lies between 0 and 4.5 Å; the distance between two centroids lies between 0 and 7 Å. The offset distance can be calculated from the two previous distances by Pythagoras' Theorem. Structures with disorder, errors, data from powder diffraction and structures with an R-factor above 5% were not included. The total number of hits was 89661.
Conclusions
We have described the effect of pressure on the crystal structure of the lanthanide-containing coordination polymer [Gd(PhCOO) 3 (DMF)] n (1). Up to 3.7 GPa the crystal structure remains in a compressed form of its ambient pressure phase. The structure packs so that the covalent polymer chains are orientated along the caxis of the unit cell, with weaker van der Waals (notably CH…) interactions between them directed in the ab plane. Accordingly, up to 3.7 GPa the unit cell compresses almost three times more in the aand b-directions than in the c-direction. At 3.7 GPa some very short H…H contacts are present and when the pressure was raised to 5.0 GPa the structure underwent a phase transition, where these short contacts were relieved by conversion of an edge-toedge phenyl-phenyl contact into … interactions, though these have a rather unusual geometry compared to other such interactions in the Cambridge Database. Over the course of the transformation the aand b-axes decrease in length, but the c-axis increases, pointing to more efficient interleaving of the ligands on neighbouring polymer chains.
Gd-O distances vary by as much as 0.12 Å, which is a larger value than is observed in purely organic structures over a similar range of pressure. However, they do not stray beyond the range of distances observed for similar bonds at ambient pressure. There is thus no structural evidence that there is any change in the bonding of the f-electrons. Much more strongly affected are the Gd…Gd distances, some of which at 3.7 GPa have shortened by almost 0.2 Å.
